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Although extensive data on the metabolic response to experimental
hemorrhagic shock are available' and although some, though less, data
are available on changes in tissue oxygen tension during experimental
hemorrhagic shock,'" there are no data relating changes in tissue oxygen
tension to changes in tissue metabolism during hemorrhagic shock. The
present study was instituted to determine the effect of hemorrhagic shock
and vasopressor administration on (1) tissue oxygen tension, (2) changes
in oxidation-reduction state, and (3) the relation between these two
measurements. It was believed that such data would contribute information
on the etiology of the metabolic changes associated with hemorrhagic shock
as well as on the desirability of using vasopressors in the presence of
hemorrhagic hypotension.
Since microfluorometric techniques capable of direct measurement in vivo
of changes in the ratio of reduced to oxidized components of the respiratory
chain7 were not available in this laboratory, the relationship between lactic
acid and pyruvic acid was studied to obtain indirect data. The relationship
between lactate and pyruvate was selected because the equilibrium between
these two substances (Equation 1) is, in the presence of normal lactate
LDH
(Equation 1) Pyruvate + DPNHs t Lactate + DPN
dehydrogenase (LDH) activity, dependent upon the ratio of oxidized
(DPN) to reduced (DPNH2) diphosphopyridine nucleotide, a ratio which
is controlled, through electron transfer systems, by molecular oxygen. The
inherent redox potential of Equation 1 is such that this reaction is
influenced by decreases in oxygen tension before any other metabolic
reaction.8 In the presence of decreased amounts of molecular oxygen the
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normal DPN :DPNH2 ratio cannot be maintained and Equation 1 shifts
to the right with a consequent accumulation of lactic acid above and
beyond that which can be ascribed to any concurrent increase in pyruvic
acid. For these reasons the lactate:pyruvate ratio has been employed as
an index of hypoxia. A more precise index of oxygen debt is calculation
of "excess lactate" (XL from Equation 2,8 where Lo and PO are control
(Equation 2) XL = (L.-L ) - (P - Po) (Lo/P.)
and L. and P. are experimental values of lactate and pyruvate, respectively.
The present report is restricted to data obtained from resting canine
skeletal muscle. Data from other and perhaps biochemically and physi-
ologically more important organs are the subject of further investigations.
METHODS
Changes in tissue oxygen tension were determined polarographically using small
bare-tipped platinum electrodes.9'10 These electrodes provide results which cannot be
calibrated in terms of mm.Hg oxygen tension, but they do allow measurement of
direction and magnitude of changes in tissue oxygen tension at a time when tissue
trauma due to the electrode is minimal. These electrodes were employed in preference to
larger membrane electrodes which can be calibrated (at least in liquids) in order to
minimize tissue trauma and because of the problems of calibration in vivo in tissues
where the coefficient of oxygen diffusion is unknown. The bare-tipped platinum
electrodes, approximately 0.2 mm. in diameter, were incorporated in a circuit previously
described.910 Each electrode was constructed in our laboratory and was tested in vitro
for responsiveness to changes in oxygen tension. Each electrode was also tested in vivo
in muscle at the beginning of each experiment by plotting a current-voltage curve to
assure that, at a fixed oxygen tension, a current plateau existed between 0.4 and
0.8 volts.
Eighteen adult mongrel dogs averaging 15 kg. in weight were studied after being
anesthetized with intravenous pentobarbital, 30 mg/kg., supplementary doses being
administered thereafter in amounts adequate to prevent somatic motion. Following
induction of anesthesia endotracheal tubes were passed, the animals being maintained
for the duration of the experiment on mechanically controlled intermittent positive
pressure respiration (constant rate and pressure) using room air. A brachial artery
was cannulated to obtain arterial blood specimens and for direct determination of
arterial blood pressure using a nondistensible, wide-bore, heparin-filled plastic tube to
connect the artery to an aneroid manometer. Three to five platinum electrodes were
inserted as atraumatically as possible through a small skin incision (subsequently
closed) into the rectus femoris muscle of one lower extremity.
The metabolic response of the animal as a whole was determined from arterial blood
specimens.8 The metabolic response within skeletal muscle was evaluated by obtaining
simultaneous arterial (brachial) and venous blood samples, the latter being restricted
insofar as practicable to venous blood derived from the skeletal muscle under study.
To decrease (though not to eliminate) the possibility that collection of venous blood
samples would alter muscle blood flow and so influence muscle oxygen tension and
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metabolism, venous blood samples were obtained from the lower extremity opposite
to that in which the oxygen tension electrodes had been placed. To obtain as pure
a sample as possible of venous blood derived from the rectus femoris muscle, a catheter
was inserted in the saphenous vein with its tip in the femoral vein next to but not
occluding the veins draining from the rectus femoris, the saphenous vein then being
occluded by a ligature about the catheter, thus preventing contamination of the blood
sample by blood derived via the saphenous vein from skin and subcutaneous tissue.
When venous samples were obtained, the femoral vein was temporarily occluded
cephalad to the tip of the catheter to prevent retrograde flow of blood from pelvic
veins. Attempts to limit further venous blood samples to blood derived solely from
the rectus femoris by venous occlusion distal to the point at which veins from this
muscle entered the femoral vein proved impractical. Blood flow through the rectus
femoris was so slow under resting conditions that the extended time required for
obtaining a venous sample prevented the correlation of metabolic changes with
simultaneous changes in muscle oxygen tension in the contralateral leg. Accordingly,
chemical data obtained from venous blood reflect primarily metabolic changes occurring
within the rectus femoris but also reflect changes in other more distal skeletal muscles,
as well as, to a relatively minor extent, changes occurring in other hind-limb
structures (bone, skin, and subcutaneous tissue). There is, however, no evidence to
suggest that the metabolic response of the rectus femoris muscle differs from that of
other skeletal muscles in the lower extremity of the dog; since most of the blood in
the venous samples obtained in the present study came from muscles, the data
primarily indicate metabolic changes within skeletal muscle, with some contamination
by changes occurring within other non-muscular structures.
Metabolic events occurring within skeletal muscle were evaluated by obtaining
simultaneous arterial and venous blood samples rather than by direct measurement of
muscle lactate and pyruvate levels because repeated muscle biopsies were likely to cause
trauma sufficient to alter the metabolism of the muscle under study. Since blood rather
than tissue levels of lactate and pyruvate were determined, it was assumed that changes
in concentration of these two metabolites in the venous effluent of muscle reflected
changes in their concentration within the muscle itself. While there may be quantitative
differences between blood and tissue levels of the metabolites studied, there are probably
no significant qualitative differences. Although individual concentrations of lactate and
pyruvate in venous blood are related to changes in organ blood flow, calculation of
excess lactate is not influenced by such changes since it depends upon the ratio of
lactate to pyruvate rather than upon the absolute values of these substances. Hence
blood flow was not measured.
Blood levels of lactate were determined by the method of Barker and Summerson'1
and blood pyruvate levels by the method of Friedemann and Haugen.u Excess lactate
in arterial blood was calculated according to Equation 2, each dog serving as his own
control. For calculation of arterio-venous excess lactate differences across skeletal
muscle (i.e. excess lactate production within skeletal muscle), L. and P. indicated
venous lactate and pyruvate levels while Lo and Po indicated simultaneous arterial
levels.'8 Each blood sample (6.0 ml.) was drawn into heparinized syringes and
pipetted as rapidly as possible (less than 30 seconds) into refrigerated 10 per cent
trichloroacetic acid.
After insertion of oxygen electrodes and catheters, each animal was observed until
stable levels of tissue oxygen tension and arterial blood pressure were attained for at
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least 15 minutes. Control arterial and venous blood samples were then obtained,
immediately following which a volume of blood equal to one per cent of the dog's
body weight was withdrawn through the brachial catheter. Fifteen minutes later the
same amount of blood was withdrawn and 15 minutes after that the process was
repeated, each animal therefore being bled of 3 per cent of his body weight over a period
of 45 minutes. Fifteen minutes after the third and final bleeding, tissue oxygen tensions
were determined and arterial and venous blood samples were obtained for chemical
analysis. Immediately thereafter either methoxamine (0.2 mg/kg. in 9 dogs) or
mephentermine (0.5 mg/kg. in 9 dogs) was administered intravenously as a single
injection. Blood pressure and tissue oxygen tension were again recorded at 5-minute
intervals for 15 minutes, after which a third set of arterial and venous blood samples
was obtained.
In analyzing results, each electrode reading was regarded as an independent sample
and weighted equally with all other simultaneously determined electrode readings. Since
the number of electrodes in each dog varied and since all electrodes in the same dog did
not respond quantitatively and qualitatively in the same manner as did neighboring
electrodes, analysis of changes in tissue oxygen tension included computation of
weighted means. A "weighted mean," a convenient form for statistical analyses in
such cases, involves weighing each mean in proportion to the number of observations
in the series on which it is based and is essentially the arithmetic mean obtained by
treating the observation and not the series as a unit. Since more than one arterial
blood pressure determination was made in each dog during each experimental
situation, weighted means for systolic blood pressure were also calculated. Statistical
significance was determined on the basis of paired comparisons and was assumed to be
present if resulting p values were 0.05 or less.
RESULTS
Results are summarized in the accompanying table. Since over 2,100
tissue oxygen tension determinations and over 150 blood pressure deter-
minations were made in the 18 dogs studied, the individual recordings
made in each dog are not presented but, for the sake of simplicity, only
percentile changes in the weighted means of these two variables are
tabulated. Only excess lactate data are shown on the table rather than
the individual lactate and pyruvate levels from which the excess lactate
was calculated.*
At a time when hemorrhage amounting to 3 per cent of each dog's
body weight had produced a significant decrease, averaging 40 per cent,
in systolic blood pressure, there was a simultaneous and significant decrease,
again averaging 40 per cent, in oxygen tension of resting skeletal muscle.
When methoxamine was administered to dogs made hypotensive by blood
* Individual blood pressure determinations in mm. Hg, individual changes in tissue
oxygen tension recorded by each electrode, as well as individual blood lactate and
blood pyruvate levels in mM/L. are in the senior author's files for those readers
interested in more detailed data.
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loss, mean systolic blood pressure returned to levels essentially the same
as those observed before hemorrhage. Although the administration of
methoxamine restored blood pressure to control levels, and increased
oxygen tension of skeletal muscle somewhat, oxygen tension still remained
27 per cent below pre-hemorrhage values.
When mephentermine was administered in the presence of hemorrhagic
hypotension it, unlike methoxamine, failed to restore systolic blood pres-
sures to control values. After mephentermine, mean systolic blood pressures
remained a significant 27 per cent below control values. Although mephen-
termine failed to restore blood pressure to control values, mephentermine
did increase muscle oxygen tension and did so to the same extent as
did methoxamine. Thus mephentermine had the same effect on tissue oxygen
tension as did methoxamine even though it did not possess equal pressor
effect.
In the control state before hemorrhage venous muscle lactate was not
significantly higher than arterial lactate. After hemorrhage had been
induced, there was a pronounced and statistically significant arterial
excess lactate production averaging 1.36 mM/L. This was coincident
with a significant increase in arterio-venous difference in excess lactate
across skeletal muscle; i.e. excess lactate was being produced by
resting skeletal muscle and added to the vascular system at a time when
skeletal muscle oxygen tension had been decreased an average of 40
per cent by hemorrhage.
When methoxamine was administered during hemorrhagic hypotension,
the arterial excess lactate showed no significant change, averaging only
0.15 mM/L greater after methoxamine than it did during hemorrhagic
hypotension before methoxamine was given. Thus tissue hypoxia induced
by blood loss in the organism as a whole and evidenced by excess lactate
in arterial blood, persisted after methoxamine even though methoxamine
had returned systolic blood pressures to control values. The administration
of methoxamine tended to decrease, though not significantly, excess
lactate production by skeletal muscle as shown by the decrease in arterio-
venous difference in excess lactate across skeletal muscle.
When mephentermine was administered in the presence of hemorrhagic
hypotension it, like methoxamine, had no statistically significant effect
on the over-all hypoxic metabolic response initiated by the hemorrhage.
In fact, after mephentermine there was more excess lactate in arterial
blood than was present after hemorrhage alone, but again the difference
was not statistically significant. Mephentermine had no effect on excess
lactate production by skeletal muscle. Excess lactate production by skeletal
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muscle was pronounced during the period of hypotension (arterio-venous
difference in excess lactate across muscle averaging 1.26 mM/L) and
remained unchanged (1.21 mM/L) after mephentermine had been adminis-
tered. Even though mephentermine partially restored muscle oxygen tension
to pre-hemorrhage values, this partial restoration of oxygen tension towards
normal was inadequate to correct the metabolic evidences of tissue
hypoxia associated with the hypotensive state.
DISCUSSION
Although the present study was not designed to quantitate the cause(s)
of changes in tissue oxygen tension under the experimental conditions
employed, the results allow quantitation of the effect of experimental
hemorrhagic hypotension on tissue oxygen tension within skeletal muscle
and give an indication of the effects of changes in tissue oxygen tension
on resting skeletal muscle metabolism. Thus, hemorrhage as produced in
these experiments was associated with an arterial hypotension and a
significant decrease in skeletal muscle oxygen tension. The decrease in
tissue oxygen tension is best explained as being primarily the result of a
combination of decreased cardiac output, peripheral vasoconstriction, and
decreased arterial perfusing pressure, though other factors" such as in-
creased tissue oxygen consumption cannot be excluded. The hemorrhagic
hypotension was also associated with evidence of an increase in anaerobic
carbohydrate metabolism in the organism as a whole as manifested by
the appearance of significant amounts of excess lactate in arterial blood.
Part of this arterial excess lactate was derived from resting skeletal muscle
as shown by a significant arterio-venous excess lactate difference across
skeletal muscle, though to what extent the metabolic events occurring
within skeletal muscle alone contribute to the total metabolic response
cannot be determined in the absence of organ blood flow measurements and
in the absence of data on arterio-venous excess lactate differences across
other organs. It is significant, however, that resting skeletal muscle plays
at least acontributory role in the over-all metabolic response to hemorrhagic
shock.
The two vasopressors studied have different cardiovascular effects.
Methoxamine is a peripheral vasoconstrictor with no inotropic effect.`6'1
Mephentermine, on the other hand, has both peripheral vasoconstrictor as
well as positive inotropic effects,'5'6"18"5 though the latter are to a con-
siderable extent related to the time interval allowed to elapse after adminis-
tration of the drug.' The results of the present investigation demonstrate
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these differences. Methoxamine restored arterial blood pressure to control
levels but failed to produce a proportionate increase in skeletal muscle
oxygen tension in the absence of an increase in cardiac output. Mephen-
termine had a less pronounced pressor effect but, despite this, the rise
in arterial pressure it did produce was associated with a proportionate
increase in muscle oxygen tension, due, in all probability, to a concurrent
increase in cardiac output. Neither vasopressor, however, had any sig-
nificant effect on the abnormalities of carbohydrate metabolism induced by
hemorrrhagic shock either in the organism as a whole (arterial excess
lactate) or in skeletal muscle (arterio-venous excess lactate). The pos-
sibility exists and cannot be completely eliminated that the persistence
of arterial and arterio-venous excess lactate following mephentermine or
methoxamine administration was the result of an inadequate time interval
between administration of the vasopressor and obtaining of blood samples.
The time might have been too short to permit restoration of normal
lactate: pyruvate ratios in the presence of normal peripheral tissue oxygen-
ation, and abnormalities of carbohydrate metabolism might therefore not
be the result of continued inadequate tissue oxygenation. This is unlikely,
however, in view of the relatively rapid rate at which arterial excess
lactate returns to normal after reversal of tissue hypoxia.'
Interpretation of the results of animal experiments in terms of human
physiology or in terms of clinical conditions must always be limited.
The present data emphasize, however, three findings which would appear
to be applicable not only to man but also to the experimental animal studied.
The first of these findings is that systolic blood pressure is not an accurate
index of the adequacy of tissue oxygenation. Although methoxamine in
the present experiments restored systolic blood pressures to normal control
levels, it did not restore muscle oxygen tension to normal nor did it
alter pre-existing metabolic evidence of peripheral tissue hypoxia (arterial
excess lactate). Secondly, for changes in tissue oxygen tension to be in-
terpreted in a meaningful manner they must be related either to changes
in organ function or, as in the present study, to changes in organ meta-
bolism. The observation that tissue oxygen tension exhibits a given
percentile decrease under certain conditions is not in itself necessarily
a biochemically significant observation unless the changes in tissue oxygen
tension can be simultaneously related to changes in tissue metabolism.
And, finally, experimental hypotension associated with vasoconstriction is
biochemically and physiologically an entity distinct from hypotension
associated with vasodilation. The metabolic and tissue oxygen tension
changes noted in the present investigations where hypotension was pro-
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duced by blood loss and so accompanied by vasoconstriction stand in con-
trast to comparable data obtained in the same laboratory from animals
made equally hypotensive by the administration of the ganglionic blocking
agent, hexamethonium. Hypotension associated with vasoconstriction is
accompanied by significantly greater changes in tissue oxygen tension and
metabolism than is equal hypotension associated with vasodilation.
In conclusion, it should be emphasized that the changes observed in the
present study relate to changes occurring within resting skeletal muscle.
They give no indication of the direction or magnitude of changes simul-
taneously occurring in other more vital areas such as the myocardium or
central nervous system. Biochemical abnormalities occurring within resting
skeletal muscle not only are undoubtedly better tolerated by the organism
than are comparable changes in other organs, but the occurrence or changes
within skeletal muscle do not necessarily coincide with comparable changes
in other such important organs. In the present study changes in arterial
excess lactate indicate the sum total of metabolic changes occurring in all
organs, but the degree to which organs such as the brain stem or the
myocardium contribute to these changes cannot be evaluated from the
present data.
SUMMARY
Changes in skeletal muscle oxygen tension were measured during
experimental hemorrhagic shock and were related to changes in the
oxidation-reduction state both within the organism as a whole (arterial
excess lactate) and within skeletal muscle (arterio-venous excess lactate)
in order to elucidate the site and etiology of the metabolic changes asso-
ciated with hemorrhage. Similar observations were made following the
administration of vasopressors to evaluate the efficacy of such therapy.
At a time when blood loss had lowered mean systolic blood pressure 40
per cent, there was a similar decrease in muscle oxygen tension asso-
ciated with significant excess lactate production by skeletal muscle and
significant arterial excess lactate production. Subsequent administration of
methoxamine restored mean systolic blood pressures to control levels but
increased muscle oxygen tension only slightly and had no significant
effect on either arterial or skeletal muscle excess lactate production.
Mephentermine failed to restore systolic pressures to control levels, but in-
creased muscle oxygen tension to the same degree as did methoxamine.
Mephentermine also had no significant effect on the metabolic response
to hemorrhage either in arterial blood or in skeletal muscle.
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